The sterilizing effect of the non-equilibrium atmospheric pressure plasma jet by applying it to the Bacillus subtilis spores is invesigated. A stable glow discharge in argon or helium gas fed with active gas (oxygen), was generated in the coaxial cylindrical reactor powered by the radio-frequency power supply at atmospheric pressure. The experimental results indicated that the efficiency of killing spores by making use of an Ar/O2 plasma jet was much better than with a He/O2 plasma jet. The decimal reduction value of Ar/O2 and He/O2 plasma jets under the same experimental conditions was 4.5 seconds and 125 seconds, respectively. It was found that there exists an optimum oxygen concentration for a certain input power, at which the sterilization efficiency reaches a maximum value. It is believed that the oxygen radicals are generated most efficiently under this optimum condition.
Introduction
Sterilization using low temperature plasmas to treat surfaces is emerging as a new approach in comparison with the heating-based conventional sterilization methods, such as autoclaving (moist heating) and ovens (dry heating), which usually cause thermal damage to some materials, such as plastics, rubber, food and tissue. Other processes use chemical germicides such as ethylene oxide which produces toxic residues as a result [1] . Besides its effectiveness, quick treatment, and environmental friendliness, low temperature plasma sterilization is advantageous to conventional methods in certain applications such as decontamination of sensitive equipment which cannot be autoclaved or tend to be corroded by decontamination chemicals [2] . In recent years, the danger of biological warfare agents has been an important military as well as social issue. Much effort has been devoted to sterilization of Bacillus spores by means of various low temperature plasma sources at atmospheric pressure, which was reported as a potential method for decontamination of biological warfare agents. These plasma sources include the one-atmosphere uniform glow-discharge plasma (OAUGD) [3] , the dielectric barrier discharge (DBD), the enhanced corona discharge [4] , the resistive barrier discharge (RBD) [5] , and the atmospheric pressure plasma jet (APPJ) [2] . The atmospheric-pressure plasma sources do not need expensive vacuum equipment and thus significantly reduce the cost as well as the operation complexity. Meanwhile, the atmosphericpressure plasma sources exhibit the characteristics of low-pressure plasma providing many chemically and biologically active species, including excited metastable species, charged particles, radicals, and UV radiation, which are effective sterilizing factors [6] . Low temperature atmospheric-pressure plasmas are also very useful in applications such as biological and chemical decontamination and in the biomedical field.
APPJ is one of the most efficient plasma sources, appliced in those aforementioned applications [2] . However, most of the atmospheric-pressure plasma sources including APPJ employ helium, an expensive carrier gas, in order to obtain a wide stable operational window at atmospheric pressure. The replacement of helium by argon as a working gas is believed to be one method to reduce the cost efficiently in various applications. Recently, Ar/O 2 plasma jets have been investigated by some research groups with their discharge characteristics [7∼9] . In our studies, it has been shown that the electron density of an argon plasma is about 2.5 times higher than that of a helium plasma, and when fed with active oxygen gas into it, some species, e.g., O (
) [8, 9] can be generated, which are more active than those in the helium carrier gas. In these active species, the atomic oxygen in the ground state O ( 3 P) usually plays an important role in decontamination of various spores through reactions with various macromolecules [3, 10] . Nevertheless, the stable operational window of an argon plasma is nar-rower than a helium plasma when the electronegative gas, such as oxygen, is fed into the plasma to generate the radicals. It is therefore required to develop an argon plasma jet with a wider operational window in order to more effectively sterilize the microbes at a low gas temperature, with reduced thermal damage and consuming a relatively small amount of argon gas. In this work, we improved the operational stability of the Ar/O 2 plasma jet by combining a dielectric barrier discharge and a conventional discharge between cooled metal electrodes powered by a radio-frequency (RF) power supply. A comparison was made of the sterilizing effects of He/O 2 and Ar/O 2 plasmas. The sterilizing effect of the oxygen radicals in the Ar/O 2 plasma was investigated quantitatively with various oxygen volumetric concentrations in the carrier gas, argon.
Experimental method
To maintain a stable plasma discharge in argon at atmospheric pressure, particularly when the electronegative gas, such as oxygen, is fed in the carrier gas, the ionization coefficient α must be larger than the attachment coefficient β. This requires a higher electrical field applied in the discharge gap as the oxygen volumetric concentration increases [11] . However, an excessively high electrical field will easily result in the transition to arc discharge between bare electrodes. In our plasma source, we designed a coaxial cylindrical electrode reactor consisting of two regions: A and B, as shown in Fig. 1 . In region A the dielectric layer is covered on the inner electrode as a DBD configuration and region B can be regarded as another reactor connected in parallel with this dielectric barrier discharge region. The length of discharge space is 12 cm; the length of the inner electrode of region A is 3 cm; the length of region B is 9 cm. The inner radius of the outer electrode is 7.25 mm the outer radius of the inner electrode is 7 mm in region A and 6 mm in region B, respectively. Diameter of the hole in the nozzle is 5 mm. Both electrodes were water-cooled to eliminate thermal instability. In the dielectric barrier discharge region, a wide stable discharge window can be obtained. The electrical field in region A is higher than that in region B without an arc discharge occurring at the dielectric layer. Since the gas is flowing from region A to B, the pre-ionized discharge gas in region A is fed into region B, at the same time the released heat in the discharge can be transferred through the water-cooled bare electrodes in region B to stabilize the electrical discharge and lower the effluent temperature. It was found experimentally that the appropriate length ratio of regions A and B to the dielectric material as well as its thickness are important factors in improving the oxygen mixture ratio in the argon discharge for a stable discharge. As shown by the schematic diagram of the experimental setup in Fig. 1 , the RF generator operated at 13.56 MHz is connected to the inner electrode through the matching network. An RF power meter connected between the reactor and the matching network was conventionally used to measure the time-average power P T supplied to the reactor. The working gas, helium and argon (99.995% pure), and the additive gas, oxygen, were fed into the plasma reactor through mass flow controllers and the gas mixer at a total flow rate of 10 slpm. The oxygen reactive gas was fed at 0.25 volumetric percent in helium and argon.
Fig.1 Schematic of the experimental setup
We used 0.01 mL of Bacillus atrophaeus (B. subtilis var. niger, ATCC9372), 2× 10 9 spores/mL, as simulated biological agents, which were deposited on a cover glass and then were dried. Before the treatment of the sample, the input power was fixed at 130 W and the temperature of the effluent flame was monitored with thermocouples. Once the temperature was stabilized, the prepared samples were exposed to the flame of plasma jet of Ar/O 2 and He/O 2 respectively. For the Ar/O 2 plasma, the treatment interval, the exposure time, was kept at 5 seconds, whereas the exposure time was 15 seconds for the He/O 2 plasma. Then the treated samples were put in 5 mL of sterile-distilled water and stirred for about 5 minutes by a vortex stirrer. After the spores were removed from the cover glass, 0.1 mL of each suspension and diluted solution were spread into a culture medium (Tryptic Soy Agar). Finally the culture medium was incubated for 24 hours at 37 o C and then the colonies were counted. The colonies were recounted, waiting 12 hours after the first count to reconfirm the colony number.
Experimental results and discussion
Fig . 2 shows the time evolution of the rate of killing Bacillus subtilis spores by using argon and helium plasma jets under the same other conditions. The input power was set to 130 W; the flow rates of the carrier gas, argon, and active gas, oxygen, were 10 slpm and o C, and 110 o C, respectively. The decimal reduction time (D value), the time required to kill 90% of the spores in a sample, calculated from these three curves, was 4.5, 125 and 62 seconds for the argon plasma jet and helium plasma jets (1) and (2) . The experimental data show that the sterilizing efficiency of the argon plasma jet is much better than that of the helium plasma jet. In previous studies [8, 9] , it is illustrated that under the same discharge conditions, the electron density in the argon plasma jet is higher than that in the helium plasma jet. The argon plasma jet produces more oxygen radical species than the helium jet. For two helium plasma jets (1) and (2), the different sterilizing efficiencies can probably be attributed to the fact that the temperature of the effluent of the helium plasma jet (2) is higher than that of the helium plasma jet (1), resulting from the different cooling methods employed.
In the previous study, it has been revealed that the oxygen radicals play a pivotal role in plasma sterilization and the sterilization mechanism in an oxygen plasma is due to a chemical etching reaction from the reactive oxygen radicals [10, 12] . Hence, we paid atten- tion to the dependence of the the sterilization efficiency on the oxygen ratio in the Ar/O 2 plasma jet. Fig. 3 illustrates the sterilization efficiency for the argon plasma jet with a variation of oxygen concentration at different input powers, 120 W, 130 W, and 150 W, and at a fixed exposure distance of 5 mm. We noticed that the sterilization efficiency first increased, then reached its maximum value at a specific oxygen concentration, and declined with the increase in oxygen concentration from 0.05 vol.% to 0.5 vol.%. For these three cases, the oxygen concentrations corresponding to the maximums sterilization efficiency were 0.15 vol.%, 0.25 vol.%, and 0.3 vol.% with an input power of 120 W, 130 W, and 150 W, respectively. We know that the oxygen is electronegative, which consumes the electrons in the plasma by an attachment process, and in the plasma the generation of oxygen radical species by an electron impact competes with this electron attachment process. Hence, below the oxygen concentration corresponding to the maximum sterilization efficiency the generation of oxygen radical species dominates over the electron-attachment loss, while at the oxygen concentration greater than that value the electron attachment depletes the electrons in the plasma severely with the increase in oxygen concentration, preventing the oxygen radical species from being produced by the electron impact. Correspondingly, the sterilization efficiency varies as shown in Fig. 3 , characteristic of the optimum sterilization efficiency at these specific oxygen concentrations. It is also shown in Fig. 3 that the value of oxygen concentration corresponding to the maximum sterilization efficiency shifts to higher values with increase in the input power, due to the fact that more electrons are yielded at a high input power and the detachment process and attachment process maintain a balance at a higher oxygen concentration. Fig. 4 indicates the sterilizing efficiency of the argon plasma jet at various exposure distances. The D values were calculated to be 4.5 sec, 12 sec, and 57 sec for an exposure distance of 5 mm, 10 mm, and 15 mm, respectively. It was found that the sterilization efficiency declined quickly as the exposure distance increased, which was due to the life time of the oxygen radical species and blocking by the ambient air. S. WANG and his coworkers carried out the experiment by monitoring the optical emission spectra of an atomic oxygen line at λ = 777 nm ( 4 S 0 3p−3s) in the argon and helium plasma jet effluents to demonstrate that the oxygen radicals decline along the jet effluent from the jet nozzle [7] , which also shows that the decaying rate of oxygen radical species in the effluent of the He/O 2 plasma jet is more than 2 times faster than in Ar/O 2 plasma jet effluent. Under our experimental conditions, the Reynolds (R e ) numbers for He/O 2 and Ar/O 2 plasma jet at its nozzle exit were estimated to be much lower than 1100, which means that the flow in the nozzle was entirely laminar [13] . At the same total flow rate of 10 slpm, the mean gas velocity was 8.5 m/s for both the He/O 2 and Ar/O 2 plasma jet; however the atomic mass of argon was ten times larger than that of helium, thus the argon effluent jet with larger momentum could push away the ambient air more effectively than the helium, and therefore bring the generated oxygen atoms and metastable molecules farther out of the nozzle of APPJ. So if we want to obtain the desired length of the jet effluent, using argon as the working gas in APPJ can reduce the gas consumption greatly in comparison to the use of helium as the working gas. When comparing our work with S. WANG's, it is further confirmed that the oxygen radical species play a pivotal role in low temperature plasma sterilization.
Conclusions
In this context, we conclude that the argon plasma jet has great potential for the cleanup of a contaminated area by biological warfare agents compared with the use of the conventional helium plasma jet in terms of a reduction in gas consumption and treating time. Moreover, we have demonstrated experimentally that the oxygen radical species play a pivotal role in low temperature plasma sterilization at atmospheric pressure and found that an optimal sterilization efficiency can be achieved at an appropriate ratio of oxygen concentration fed into the carrier gas.
